Abstract. We here revisit the concepts of the so-called charge and orbital order in half-doped manganites through the analysis of recent resonant X-ray scattering experiments at the Mn K edge on three different systems: Nd 0.5Sr0.5MnO3, Bi0.5Sr0.5MnO3 and La0.5Sr1.5MnO4. By means of a semiempirical method and ab initio multiple scattering calculations we conclude that the description of the charge-localized phases is consistent with a model where two Mn atoms are occupying different crystallographic sites (Mn1, Mn2) displaying an electronic occupation that is mainly determined by the structural distortions. Regarding the local structure of these Mn sites, these distortions produce little variations on the charge density associated to the different crystallographic sites. Accordingly, the resulting bimodal distribution of charges is in all cases far from the theoretical arrangement of integer valence states.
Introduction
The tuning of synchrotron radiation has allowed developing new X-ray diffraction techniques such as resonant X-ray scattering (RXS). RXS consists on recording the intensity of a Bragg reflection as a function of the energy of the scattered photons by crossing an atomic absorption edge [1] . Due to the fact that absorption edge energies (E res ) are specific to a particular atom and to a particular electronic level [2] , RXS has atomic and spatial selectivity. This technique combines absorption and diffraction as the X-ray atomic anomalous scattering factor is intimately related to the X-ray absorption coefficient. Therefore, it provides local information on the set of long range ordered atoms selected by the diffraction condition and it is chemical, valence and site specific. This technique can be applied to study any Bragg reflection. When the reflection is intense (i.e. the Thomson scattering is important), the anomalous term induces small modulations of the scattered intensity as a function of the photon energy. This is addressed by DANES (diffraction anomalous near edge a e-mail: jherrero@icmab.es; jgr@unizar.es structure) and DAFS (diffraction anomalous fine structure) techniques [3, 4] , in analogy to well known XANES (X-ray absorption near edge structure) and EXAFS (extended X-ray absorption fine structure) techniques. The term RXS is generally used for the study of superlattice reflections, both weak permitted (i.e. with a low Thomson scattering intensity) or forbidden by the cell symmetry. In this case the dependence of the reflected intensity on the photon energy mainly reflects variations in the atomic anomalous scattering factor presented by a specific atom (selected by the photon energy of its absorption edge). Since the structure factor of forbidden (or nearly forbidden) reflections is basically given by the difference of the atomic scattering factor (ASF) of a single atomic species in the lattice, these reflections only appear (or their intensities are dramatically enhanced/reduced) in a very narrow region of photon energies (several eV). By the resonance term we mean the RXS spectral features that may appear at the absorption edge where the contrast in the anomalous part of the scattering factors is maximum. The atomic anomalous scattering factor depends on the local geometric structure and the chemical state of the selected atom. Therefore, RXS informs us on the spatial arrangement of charges and the anisotropy of selected atoms, generically referred to as charge order (CO) and orbital order (OO), respectively. Thus, RXS has been employed for the study of the CO and OO phenomena in transition metal oxides either in the hard X-ray [5] [6] [7] [8] [9] or the soft X-ray regime [10] [11] [12] [13] . Pioneering RXS experiments on manganites were performed by Murakami et al. in La 1.5 Sr 0.5 MnO 4 and LaMnO 3 [6, 7] , which were considered as a proof of ionic order Mn 3+ -Mn 4+ and Mn 3+ 3d-orbital order. This interpretation was later criticized by a more detailed quantitative data analysis, showing that the CO cannot be ionic and the OO is originated in the anisotropy induced by the local structure [14] [15] [16] [17] [18] [19] [20] . Here, we revise our RXS [14] [15] [16] [17] [18] results on the so-called CO phase in half-doped manganites and present a common description for the RXS data. We will show that the observed phenomenology is well explained on the basis of changes in the local structure around the Mn atom, originated in the softening of some phonon modes.
In this contribution, i) we recall the theoretical basis of the resonant X-ray scattering amplitude; ii) we then restrict to the Mn K edge and to the dipole-dipole channel which accounts for most of the phenomenology; iii) we discuss the energy, polarization and azimuth dependence; iv) we classify the reflections responsible for the appearance of RXS spectra of doped manganites as CO and ATS (anisotropy of the tensor of susceptibility) [21] ; v) we present a semiempirical approach and ab initio multiple scattering calculations by the FDMNES code [22] . Finally, we devote the conclusions section to discuss the different approaches performed and to describe the low temperature structure.
2 Theory of resonant X-ray scattering [23, 24] The coherent elastic X-ray diffraction on a single crystal is given by the interference of the individual atomic scattering amplitudes at different lattice sites. The measured intensity is given by the square of the structure factor which is given by:
where R j is the position of the j-scattering atom in the unit cell, Q = k f − k i is the scattering vector ( k i and k f are the wave vectors of the incident and scattered beams) and f 0j is the Thomson scattering part of the scattering factor of the j-atom.
The resonant (or anomalous) part, f + if , is given by the expression [23] :
Here, ω is the photon energy, m e is the electron mass, ψ g describes the initial and final electronic states with energy E g , and E n and Γ n are the energy and inverse lifetime of the intermediate excited states ψ n . The interaction of the electromagnetic radiation with matter is expressed by the operatorsÔ i andÔ f * . By multipole expansion of these operators up to the electric quadrupole term (we can neglect higher order multipoles in most of the cases), we obtain [20] :
with r the electron position measured from the absorbing atom and ε i(f ) being the polarization of the incident (scattered) beam. This permits to separate the resonant part of the ASF into three contributions: dipole-dipole (dd ), dipole-quadrupole (dq) and quadrupole-quadrupole (qq).
Thus, Eq. (2) can be written in a Cartesian coordinate frame in the form:
where α, β, γ, δ are indices that vary independently over the three Cartesian directions x, y, z, and the transition matrix elements D αβ , I αβγ and Q αβγδ associated to dd, dq andcontributions are characterized by the following Cartesian tensors of second, third and fourth rank, respectively:
If we restrict to the dipole-dipole main contribution, the atomic anomalous scattering factor is a two-range tensor. In this case and in contrast with Thomson scattering (which is a scalar term) the structure factor becomes:
where F α,β and f ι α,β are symmetric tensors in the absence of magnetic scattering. Consequently the measured intensity of reflections depends on the polarization of the incident and the scattered beam (σ indicates that ε is perpendicular to the scattering plane and π corresponds to ε contained in it), on the azimuthal angle (referring to a rotation around the Q vector) and on the energy of incoming photons. Therefore, the RXS scattering of a particular reflection contains richer information than the Thomson (i.e. at E = E res ) scattering.
As we commented before, RXS is mainly useful to study either low intensity or forbidden (by the crystal cell symmetry) reflections. In both cases the structure factor contains the differences between the ASF of the same atomic species localized in different crystallographic sites.
In the first case, the crystallographic sites of the involved atoms are non-equivalent and consequently, the atomic anomalous scattering tensors are different. The main differences come from valence dissimilarities and they are interpreted as due to a charge disproportion. The valence is highly correlated with the metal-ligand bond lengths. These reflections have been extensively analyzed by approaching the atomic scattering tensor to a scalar, but sometimes this approximation is inappropriate [15] . We note that a scalar description implies the absence of azimuthal and polarization dependences. In order of this approach to be valid, no azimuthal dependence should be observed.
In the second case, the lattice sites occupied by the involved atoms are crystallography equivalent but they are related by symmetry operations including a translation (screw axis and/or glide plane). If the tensor scattering is anisotropic these symmetry operations change the sign of some of the out-of-diagonal terms of the scattering tensor producing that the resulting ASF tensor counts on some non-zero out-of-diagonal terms. These are ATS (anisotropy of the tensor susceptibility) reflections and they show marked azimuthal and polarization dependences. Many works describe these reflections as OO reflections, suggesting that they are due to the local anisotropy induced by an ordering of electronic orbitals [6-8, 10, 11, 13] .
Half-doped manganites
Mixed valence manganese oxides with perovskite structure have been a matter of intense research because of their singular properties [25, 26] . Particular attention has been paid to the so-called half doped manganites. In this case, by simple inspection of the integral valence of the constituents, the formal valence of the manganese atoms is 3.5. These compounds include "tridimensional" (3D) pseudocubic manganites as La 0.5 Ca 0.5 MnO 3 , Nd 0.5 Sr 0.5 MnO 3 and Bi 0.5 Sr 0.5 MnO 3 or "bidimensional" (pseudo-2D) layered ones as La 0.5 Sr 1.5 MnO 4 . On lowering temperature, all these compounds undergo a semiconductor-insulator transition at a temperature T SI that was described as a CO transition. It has been argued that above T SI , the lattice sites are dynamically occupied by Mn 3+ and Mn 4+ ions whereas below this temperature the ions order in a periodic arrangement [27] . Figure 1 shows the checkerboard order proposed for these compounds, which allows the orbital ordering of Mn 3+ 3d e g electrons to rise in addition to the ionic ordering.
In the case of 3D perovskites (orthorhombic Pbnm) [28] (h,0,0) and (0,k,0) periodicities with h, k odd, appear because of the supposed ionic periodicity (CO) and (0,k/2,0) of the argued orbital ordering (OO) periodicity with k/2. For the pseudo-2D La 0.5 Sr 1.5 MnO 4 perovskite the new periodicities will have (h/2,h/2,0) and (h/4,h/4,0) indices relative to the tetragonal symmetry I4/mmm [18, 29, 30] . The structure factor of these modulations contains, for CO reflections, the differences between the atomic scattering tensors of formal Mn 3+ and Mn 4+ ions, whereas OO modulations show differences between the same type of atoms (Mn 3+ ) in consecutive cells.
In the following, we focus on some representative compounds: Nd 0.5 Sr 0.5 MnO 3 (NSMO), Bi 0.5 Sr 0.5 MnO 3 (BSMO), and La 0.5 Sr 1.5 MnO 4 (LSMO). Within the Ruddlesden-Popper nomenclature for layered perovskites with general formula AO(ABO 3 ) n , the first two 3D-manganites correspond to n → ∞ and the latter pseudo-2D to n = 1. The RXS spectra we present in the following were all recorded Fig. 1 . Schematic view of the crystal structure of CO manganites. In the top, the checkerboard array of Jahn-Teller distorted Mn 3+ and nearly isotropic Mn 4+ ions within the ab plane of the perovskite. The orange and green lines denote the unit cell by considering CO and both CO-OO order, respectively. In the bottom we show the distribution of Mn atoms in the cell for a cubic (left) and a single-layered (right) perovskite, corresponding to n → ∞ and n = 1 in the Ruddlesden-Popper series, respectively.
on single crystals at the ID20 beamline of the ESRF, in Grenoble, France. In Fig. 2 we depict the basic elements characterizing the experimental configuration used. More details can be found elsewhere [15, 16, 18] .
The energy dependence of the measured intensity of Q = (0, k, 0) (k odd) reflections at the Mn K edge in pseudo-cubic perovskites and the equivalent (h/2,h/2,0) (h odd) reflections in La 0.5 Sr 1.5 MnO 4 are shown in Fig. 3 . Non-resonant intensity is found far from the Mn K edge region while at the absorption edge a broad resonance arises in (0,k,0) reflections in the non-rotated (σ − σ') channel. Also, as the inset in Fig. 3(b) shows, the intensity variation with the azimuth (at the resonance) follows a
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The European Physical Journal Special Topics Fig. 2 . Scheme of the experimental configuration used for recording the RXS spectra presented through this paper.
characteristic oscillation with π periodicity for these cubic manganites. This indicates a marked different anisotropy of the two types of Mn atoms involved. On the contrary, (h/2,h/2,0) reflections in layered LSMO show a less pronounced azimuth dependence. We will later show that this is due to the different crystallographic space group. The dramatic enhancement (peak) or reduction (valley) of the resonant intensity at the Mn K edge depends on the crystal structure and on the specific reflection. This behaviour depends on the relative phase between the Thomson term and the anomalous one. When both are in phase a peak is observed whereas if they are out of phase a valley is found. This weak Thomson contribution is due to little atomic displacements with respect to the ideal tetragonal phase (as at T > T SI ). Little variations of the Thomson contribution between theoretically equivalent superlattice weak permitted reflections as a function of Q that do not carry a phase sign can simply give rise to a different resonant/non resonant ratio, as in BSMO if we look at (030) and (050) reflections. The different anisotropy of the two Mn atoms was also demonstrated by the observation of a little reflected intensity in the σ−π' channel with π/2 periodicity [18] .
We now move to the so-called OO reflections. Figure 4 shows the energy dependence of the reflections originated by the anisotropy of the anomalous scattering tensor in NSMO, BSMO and LSMO. We observe a strong Gaussian-shaped resonance at energies close to the Mn K edge in (0,5/2,0) and (5/4,5/4,0) reflections only in the rotated (σ − π') channel, which identifies these half-integer reflections as structurally forbidden ones. Similarly to CO reflections, the azimuthal variation of these resonances shows a characteristic oscillation with π periodicity. We note that in this case, the behavior in both the cubic and layered perovskites is identical due to the markedly different anisotropy of the two types of atoms. The π/2 offset in the sucession of maxima/minima responds to the selection of a different "zero" reference axis. The resonant scattering at either (0,k/2,0) or (h/4,h/4,0) reflections does not depend on the k wavevector, i.e. it arises solely from a dd (1s → np) transition.
The temperature dependence of all (weak and forbidden) superstructural reflections here described shows that they are originated at the semiconductor-insulator (SI) phase transition. No intensity was found at T > T SI [15, 16, 18] . We have used two methods for a quantitative analysis of the energy, azimuth and polarization dependences of the intensity of these reflections: the semiempirical approach and ab initio multiple scattering calculations.
In the semiempirical approach model, the atomic anomalous scattering factor of the Mn1 atom (Mn 4+ in the ionic description) is considered as isotropic (it can be described by a diagonal tensor with f xx = f yy = f zz = f ) and the ASF of Mn2 (i.e. tetragonally distorted Mn 3+ ) is described by a diagonal tensor in the reference frame of the local distorted octahedron, with two equal in-plane components (f ⊥ ) and a different one along the tetragonal distortion direction, f . A Thomson term C h(k) is included. Using the structure factor of the high temperature phase, the azimuth and polarization dependences of the studied reflections for cubic manganites are: [15, 16] 
The European Physical Journal Special Topics And similar expressions can be deduced for the bidimensional case [18] . In order to determine the energy dependence, we consider that the atomic anomalous scattering diagonal terms produce a very similar spectral line shape for Mn1 and Mn2 in the crystal for both σ and π polarization. The main difference between the different components should be a rigid energy shift at the absorption edge. The XANES spectrum is directly proportional to the f term. More precisely, f (ω) = [ωσ a ]/[4πr e c], where ω is the incident energy, σ a the absorption cross section, r e the electron radius and c the light velocity in vacuum. One then calculates f straightforwardly via the Kramers-Kronig integral relation. In the semiempirical model the structure factor of reflections is calculated using the high temperature crystal structure. The low temperature structure is usually unknown and the non resonant intensity is accounted for by an ad hoc Thomson term. Thus, calculated intensities shall not be compared in an absolute scale. Within the rigid energy shift approximation, we can define the following relations between the different components of the anomalous scattering tensors: f (E) = f anis (E + δ chem ) and f ⊥ (E) = f (E + δ anis ), where f (E) represents the atomic anomalous scattering factor for Mn1, f and f ⊥ are the parallel and the perpendicular components of Mn2, and f anis is the unpolarized anomalous scattering factor (1/3)(2f + f ⊥ ) of Mn2. The two parameters, δ anis and δ chem , are a practical way of information on Mn1 and Mn2 atoms. On the one hand, δ chem can be correlated with the formal valence of the atoms. Since the Mn K edge position in a Mn 3+ reference sample is about 4.5 eV lower than that in a Mn 4+ -based compound, this parameter can be used as a quantitative estimation of the charge disproportion between the two atoms. On the other hand δ anis provides an estimation of the tetragonal distortion. The values of δ chem for the studied samples range between 0.7 and 0.9 eV which yields a charge disproportion of 0.15-0.20 electrons. We note that for Bi 0.63 Sr 0.37 MnO 3 [17] , the average Mn valence is 3.37 instead of 3.5.
Resonant Elastic X-ray Scattering in Condensed Matter However, δ anis ranges from 0.9 to 1.6 eV lower of that found in LaMnO 3 anisotropy [19] . In Fig. 5 we show the best-fit results on NSMO, BSMO and LSMO by using this semiempirical method. We note the nice agreement between experiments and simulations, which supports the adequacy of the approach performed.
The second method consists on calculating the RXS spectra by means of ab initio simulations. The FDMNES code allows calculating the X-ray absorption coefficient and the tensorial ASF from first principles as a function of the photon energy for the different crystallographic Mn sites. The intensity of resonant reflections is then calculated using these ASF for a finite cluster of atoms surrounding the absorbing one and the potential used is built on the basis of neutral atomic spheres. This approach qualitatively agrees with the experimental results [18] and has allowed us to determine the effect of the geometry on the anomalous part of the ASF. Needless to say, to carry out this kind of analysis a certain knowledge on the crystallographic structure of the ordered phase is necessary, which is unfortunately not frequently the case. In our last work on La 0.5 Sr 1.5 MnO 4 [18] , we analyzed high-resolution synchrotron X-ray powder diffraction (XRD) data and RXS spectra in the frame of a symmetry-mode analysis to determine the active modes that condensate at the semiconductor-insulator phase transition. The modes acting on the oxygen atoms that would account for the structural transformation are Δ 2 (B2u), X + 1 (B2u) and X + 1 (A1) and their effect is schematically depicted in Fig. 6 . More precisely, Δ 2 (B2u) corresponds to a pseudo Jahn-Teller distortion (in the orthorhombic bc plane) on Mn1 sites, whereas X + 1 (B2u) and X + 1 (A1) modes produce an overall contraction at the Mn2 site and an expansion at Mn1. X + 1 modes produce the appearance of superlattice (h/2,h/2,0)-type reflections in agreement with a checkerboard ordering of two different Mn sites. Δ 2 (B2u) is also responsible for the anisotropic forbidden reflections. The energy dependence and absolute intensities of the RXS spectra were fitted using FDMNES, with the amplitude of the modes as fitting parameters. Other possible active modes were discarded on the basis of the multiple scattering calculations. More details can be found in Ref. [18] . The simulations are fairly good regarding the overall behaviour of the reflections and correctly reproduce the absolute and relative (resonant to non-resonant) intensities but they should not be considered as truly quantitative. The values of the refined atomic displacements are too low to be detected by high-resolution X-ray powder diffraction.
Conclusions and discussion
Resonant X-ray scattering is an experimental technique that permits to determine the electronic and structural characteristics of the so-called CO phases in half-doped manganites through the study of the energy, azimuth and polarization dependences of a few weak superlattice and/or symmetry forbidden reflections.
In several recent works, we have shown by means of RXS that the charge localized phase in half-doped manganites is well described by a checkerboard ordering of two non-equivalent Mn sites. Two types of superstructure reflections characterize this phase: i) permitted reflections with very low intensity originated by the alternating contraction and expansion of the local octahedron around Mn atoms, and ii) reflections that are forbidden by symmetry. The latter reflections inform us about an ordering of the local anisotropy in one of the Mn atoms, while weak permitted ones can be interpreted as a charge modulation on the Mn atoms. We have reported here on two methods to extract the relevant information contained in the spectra. First, the semiempirical phenomenological approach where parameters as the chemical shift and the anisotropic shift can be retrieved. δ chem is directly correlated with the formal valence state of the atoms and in consequence, it provides a value of the formal charge segregation between different manganese sites. On the other hand, δ anis is a measure of the local anisotropy around the Mn atom. The second method is based on a structural analysis of the manganite in the CO-OO phase. Since the atomic anomalous scattering factor mainly depends on the local geometry, ab initio calculations can help to refine the amplitudes of the condensing phonon modes responsible of the structural transition that lead to the charge localization. The application of this method can provide a more detailed information on the electronic and geometrical structure at low T but it also requires a previous guess on the actual low T structure. In this sense, a deep XRD study on the material at low and high T can complement RXS data and help in the refinement process. We used this method to analyze La 0.5 Sr 1.5 MnO 4 as further explained in Ref. [18] .
To conclude, Mn K edge RXS results here presented discard the interpretation of mixed-valence manganites as a bimodal distribution of Mn 3+ and Mn 4+ valence states. Instead the so-called CO phase is consistent with a model in which atoms of the same chemical species in different crystallographic sites present an electronic occupation mainly determined by the local geometrical structure. Structural distortions giving rise to different crystallographic sites would induce a different charge density on them and in some cases, an electronic anisotropy by lowering the local symmetry. Finally, we would like to stress that RXS has become a fundamental tool to determine the type of ordering and the low T structure in several cases, such as Bi 0.67 Sr 0.33 MnO 3 [17] and La 0.33 Sr 0.67 FeO 3 [31] .
